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Abstract 
Carboxylated polystyrene latex particles were used as the 
solid phase in the immobilization of alkaline phosphatase (AKP). 
The covalent binding of AKP to the surface of the carboxylated 
latex particles was achieved by using the coupling agent 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). The two 
step process used for the coupling procedure involved the 
initial activation of the latex particles with 200 mg of 
coupling agent, EDC, followed by the reaction of the activated 
latex particles with enzyme solution. Only an incubation time 
versus activity study was done due to the fact that this 
enzyme-latex conjugate was previously studied extensively!. The 
activity of the enzyme was seen to be independent of the 
incubation time between 1 and 8 hours. 
Carboxylated polystyrene latex particles were again used as 
the solid phase in the immobilization of beta-glucosidase (bG). 
The covalent binding of bG to the surface of the carboxylated 
latex particles was attempted by using Woodward's reagent K. A 
binding procedure was attempted. It failed. 
The covalent binding of bG to the surface of the 
carboxylated latex particles was achieved by using EDC. The two 
step process used for the coupling procedure involved the 
initial activation of the latex particles with 100-300 mg of 
coupling agent, EDC, followed by the reaction of the activated 
latex particles with enzyme solution. The amount of active 
enzyme bound to the surface of the latex particles depends upon 
the concentration of the enzyme, the amount of coupling agent, 
and the pH of the final buffer solution. 
1 
t 
The enzyme-latex conjugates were subjected to kinetic 
parameter studies including the determination of the immobilized 
enzyme stability to changes in temperature and pH, the 
determination of the Michaelis constant, Km, the maximum 
reaction velocity, Vmax, and the shelf-life stability. The 
relative activity of the enzyme-latex conjugates was observed to 
decrease when the particles were incubated for 30 minutes at 
temperatures above room temperature. The apparent Michaelis 
constants for the immobilized bG using para-nitro-phenyl-beta-
glucopyranose(PNPbG) and cellobiose(CB) were very close to the 
Michaelis constant for the soluble enzyme using each substrate. 
The V'max, defined as the theoretical maximum attainable 
reaction velocity for the system, values for each substrate were 
" lower for the immobilized enzyme than the Vmax values for the 
soluble enzyme. This suggests that there might have been a 
different concentration of active enzyme for the soluble and 
immobilized enzyme systems. 
A continuous stirred tank reactor (CSTR) was used for the 
immobilized bG using CB as a substrate. The reactor was run 
continuously for a two week period with only slight fluctuations 
in production of glucose, probably due to the two hour sampling 
procedure. When the sampling procedure was restricted to a daily 
basis, the fluctuations decreased from ±2 to +l mg glucose 
produced/ml. 
2 
CHAPTER ONE 
GENERAL INTRODUCTION 
1.1 Objectives 
1. To determine the relationship between incubation time and 
activity for the enzyme-latex conjugate of alkaline 
phosphatase. 
2. To covalently bind beta~glucosidase to the surface of 
activated polystyrene latex particles. 
3. To determine the optimal conditions required for the 
efficient immobilization of enzyme onto the particles. 
4. To study the kinetic parameters of the immobilized enzyme 
comparing them with the kinetic parameters for the free 
enzyme. 
5. To use the immobilized enzyme in a continuous-stirred tank 
reactor under optimal conditions. 
1.2 INTRODUCTION TO ENZYMOLOGY 
Enzymes are the largest class of biological macromolecules 
called proteins. Over 2000 enzymes each contain active geometric 
sites which catalyze specific chemical reactions without any 
side reactions. Enzymes are different from other catalysts due 
to their ability to catalyze reactions under mild conditions: in 
neutral aqueous solutions, at normal temperatures and pressures, 
and with a high degree of specificity. 
3 
Some disadvantages of utilizing enzymes' catalytic 
properties are their source and usage stability. Enzymes, 
because of their complex primary, secondary, tertiary, and 
quaternary structures, are very difficult if not impossible to 
produce synthetically. They are also difficult to isolate and 
purify in active form from biological sources. Also, specific 
reaction conditions such as temperature, pressure and pH, must 
be controlled for maximum catalytic activity. 
Immobilizing enzymes onto solid supports utilizes an 
enzyme's catalytic.ability to the fullest. Advantages of 
immobilization include reusability and more physically stable 
enzymes thus reducing reagent costs. Immobilized enzymes can 
also be used ~n a wider variety of reactors: continuous stirred 
tanks, fluidized beds, packed beds, etc, rather than using the 
traditional batch reactor with soluble enzymes. The utilization 
of different reactor types has the potential of reducing 
'· 
ca'p-ltal, opera~ing and manpower costs, as well as decreasing 
processing time. 
Enzymes catalyze reactions by lowering the activation energy 
of the reaction resulting in an increased reaction velocity. L. 
Michaelis and M.L. Menten2 in 1913 developed the first 
simplified reaction mechanism for enzymic catalysis: 
..J!, -«, 
E + S ;:=ES~ E + P 
~-, --e.;) 
the enzyme, Sis the substrate, ES is the where Eis 
enzyme-substrate complex, Pis the product, and kn are reaction 
rate constants. The intial reaction velocity can be 
4 
related to the substrate concentration by: 
V0 = Vmax/(l+Kmf(S)) 
where v0 is the inital reaction velocity, Vmax is the maximum 
reaction velocity, (S) is the substrate concentration and Km is 
the Michaelis constant. Vmax is the maximum velocity for each 
enzyme concentraion when the enzyme is saturated with the 
highest substrate concentration. Km is the substrate 
concentration where V = Vmax/2·. 
Both kinetic parameters, Vmax and Km, can be determined by 
holding the enzyme concentration constant, varying the substrate 
concentration and measuring the initial reaction velocities. 
Lineweaver and Burke3 developed a linear transformation of the 
Michaelis-Menten reaction velocity equation: 
1/V = Km/(Vmax*S) + 1/Vmax 
where a plot of 1/V versus 1/S gives a line with a slope of 
Km/Vmax and an intercept of 1/Vmax· 
The progress of enzymic reactions can be monitored through 
instrumental or chemical methods by determining the change with 
time of the concentrations of either the reactants or products 
formed. Chemical methods for following enzymic reactions require 
the periodic withdrawl of a sample from the reaction mixture and 
measuring either one of the reactants or products by volumetric 
procedures. Instrumental methods continuously monitor the 
appearance or disappearance of a species~¥ its physiochemical 
properties directly or using a coupled reaction scheme. 
Guibault4 reviews a number of these different methods. In the 
5 
present work, both instrumental and chemical methods were used. 
Initially, the reaction's progress, bG with PNPbG, was followed 
spectrophotometrically by measuring the change of absorbance of 
one of the products with time. The substrate was used as a 
baseline, then the enzyme solution was added. The absorbance is 
seen to increase with time as a func_tion of the product 
produced. The initial slope of the curve is correlated to the 
enzyme activity. The final reaction scheme, bG with CB, was 
followed using chemical methods, a glucose analyzer, to 
determine the amount of glucose produced. The glucose analyzer 
uses an oxidase enzyme hydrogen peroxide s~nsor that is highly 
( 
specific for glucose. 
1.2.1 Effect of pH on Enzyme Stability and Activity 
Enzymes contain active sites which are complementary to the 
substrate molecule in size, shape, and chemical nature. The 
conformation of the active site can be maintained by the 
selection of the proper buffer which keeps the site in the 
proper ionic form. Most studies of the effect of pH on reaction 
velocity show a bell-shaped profile with a certain optimum 
pHvalue. This bell-shaped curve is obtained when the buffer 
concentration is high enough to prevent the accumulation of 
protons in the enzyme microenvironment.5 
1.2.2 Effect of Temperature of Enzyme Stability and Activity 
The overall reaction scheme for enzyme catalysis consists of 
the formation of an enzyme-substrate complex, the conversion of 
this complex to the enzyme-product complex, and the dissociation 
of the enzyme and the product. The effect of temperature on the 
6 
reaction will be the resultant of each of these individual 
steps. Classical thermodynamics gives equations for the heat, 
free energy, and entropy of activation, and the heat, free 
energy and the entropy of the process4; however, enzymes are· 
delicate molecules and increasing the temperature from the 
optimum often disrupts the tertiary structure resulting in 
deactivated enzyme. 
1.2.3 Effect of Immobilization on Enzyme Kinetics 
Kinetic properties of immobilized enzymes are required in 
order to determine the potential exploitation of these enzymes. 
Engasser and HorvathS concluded that the soluble and immobilized 
enzyme usually have different kinetic parameters based on 
different active site conformation, and different 
microenvironments, which include partition and diffusional 
differences. 
1.2.4 Effect of Immobilization on Enzyme Stability 
The stability of the enzyme after immobilization cannot be 
predicted. It often depends on the particular enzyme, the 
specific support, the method of binding and the 
individua{experimenter. Low levels of protein binding for bG on 
cellulose have been reported by Barker et al.6, as well as high 
protein binding for papain on nitrated copolymers of methacrylic 
acid and styrene reported by Manecke et al.7. One generalization 
can be made. It has been observed that the specific activity of 
the enzyme can increase with increasingly soluble support 
systemsS. 
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1.2.5 Introduction to Immobilized Enzymes 
The concept of physically immobilized enzymes is highly 
attractive for industry and academic research because 
immobilization overcomes two major processing difficulties 
usually associated with enzymic catalysis: the instability of 
the enzyme and its prohibitively high cost for a one-time use. 
The traditional use of enzymes has been in batch proces~es with 
soluble enzyme and aqueous substrates. Recovery and reuse of the 
enzyme was extremely difficult and continuous processing was 
unthinkable: too much enzyme would be needed. In other cases, 
the inactiviation step for the enzyme imposed chemical or 
thermal effects on the products. Also, processing large volumes 
dilute substrates over expensive enzymes could have become a 
costly proposition. Immobilization of enzyme results in usually 
more stable, reusable catalysts for continuous processing9. 
Examples of industrial applications of immobilized enzymes in a 
variety of reactors include: lactase in the dairy industry, 
glucose isomerase in the starch industry, penicillin acylase in 
the pharmaceutical industry, L-amino acid acylase for the 
resolution of 1-amino acids, fumerase for the production of 
1-malic acid and nucleases for the production of 5'-nucleotides 
for flavor enhancementlO. 
In the laboratory, immobilized enzymes can be used for 
biochemical studies, analytical applicatioJs and organic 
synthesis. Potential medical applications include usage in 
clinical tests, artificial biological organs, enzyme replacement 
8 
therapy, use of enzymes for removal of toxic substances and the 
use of immobilized enzymes to aid in drug targetingll. 
No single methodology for enzyme immobilization stands out 
in the literature. Rather, there are a series of both chemical 
d th t Can be employed(see Table 1) 8 . and physical metho s a 
There are also a wide variety of carrier materials which can 
be classified into three groups: (1) organic, (2) inorganic, and 
(3) inorganic-organic conjugatesl2. Due to the wide variety of 
carriers and immobilization techniques, the parameters of each 
system must be understood individually and cannot be described 
generally. 
1.3 INTRODUCTION TO LATEX PARTICLES 
Latexes are polymer spheres colloidally dispersed in water. 
The history of latex goes back as far as the Mayan Indians in 
· t 1 America. Natural latex, a metabolite of pre-Columbian Cen ra 
plants and trees, was obtained by puncturing the bark of certain 
trees. The latex was then coagulated and used as a rubber ball 
in the national sport of the Mayas. In the mid-1800's, MacIntosh 
and Hancock in England, and Goodyear in the United states 
discovered vulcanization: the process by which natural rubber 
was mixed with sulfur to form a stable moldable substance which 
. t d i'nto useful, nontacky stable could be heated and conver e 
boots' and tires. In 1888, Dunlop materials for raincoats, 
tl·res us1'ng carbon black as a reinforcing invented pneumatic 
accelerators fo .. l"'.· the sulfur cross-linking filler and organic + 
reactions with the natural rubber. By World War I, natural 
rubber was cultivated mainly in Malaysia and Indonesia. During 
i Weren 't always able to obtain natural World War II, compan es 
9 
Table 1.18 Classification System of the Methods Employed 
for Immobilization of Enzymes. 
Chemical methods (Covalent bond formation-dependent) 
1. Attachment of enzyme to water-insoluble, 
functionalized polymer. 
2. Incorporation of enzyme into growing polymer 
chain. 
3. Intermolecular crosslinking of enzyme with a 
multifunctionalized, low molecular weight reagent. 
Physical Methods (Noncovalent bond formation-dependent) 
1. Adsorption of enzyme onto water-insoluble 
matrix. 
2. Entrapment of enzyme within water-insoluble 
gel matrix (lattice entrapment). 
3. Entrapment of enzyme within permanent and 
nonpermanent semipermeable microcapsules. 
4. Containment of enzyme within special 
semipermeable membrane dependent devices. 
10 
rubber, so to be self-sufficient, the United States, Germany, 
and Russia, individually, instituted programs to set-up 
synthetic rubber production. After the war, researchers 
continued in the area of latex technology focusing on rubber 
products, paints and coatings, adhesives, etc.13 Man-made 
latexes can be described by their method of preparation: 
artificial, which is prepared by bulk polymerization, or 
synthetic, which is prepared by emulsion polymerization. 
There are two types of synthetic latex particles: 
homopolymers, which are produced from a single monomer, and 
copolymers, which are produced from two or more monomers. 
Emulsion polymerization is a complex, heterogeneous chemical 
reaction involving the use of monomers, surfactants, initiators, 
and water. The particles turn out to be spherical, from several 
hundred angstroms to a few microns in diameter, and the particle 
size distribution depends largely on the polymerization 
conditions. 
Latexes are widely used in everyday life, industry, and 
research facilities ranging from housepaint to calibrators for 
scientific instruments, ideal model for colloidal dispersion 
studies, and markers for scanning electron microscopy. 
Vanderhoffl4 reviewed the many applications of monodisperse 
latex particles in biological, medical, and fundamental research 
studies. The advantage of using latex particles include: ease of 
preparation, wide range of particle size and uniformity, large 
specific surface area, and long storage stability. These 
particles can also be produced with reactive surface groups to 
which biologically active molecules can be bound. 
11 
CHAPTER TWO 
EXPERIMENTAL 
2.1 Determination of Optimum Incubation Time for AKP 
2.1.1 Materials 
Alkaline phosphatase (AKP, EC 3.1.3.1.) from calf intestine and 
p-nitrophenyl phosphate (PNPP) and l-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC) were obtained from Sigma Chemical 
Company, St. Louis, Missouri, and latex FL80/20 obtained from 
Frank Loncarl5 . All other chemicals used were reagent grade. 
FL80/20 is 80% styrene and 20% methacrylic acid. The 
solution contains 3.09% solids, the particles were vacuum 
distilled and serum replaced, the pH of the cleaned latex is 
3.45, the number of carboxyl groups per angstrom squared is 
2.15*10-2 as determined by calculations from conductometric 
titration data, the number average diameter of the particles is 
71 nm, the weight average diameter of the particles is 76.5 nm, 
and the polydispersity index is 1.070. 
2.1.2 Method 
Chemical coupling was achieved by a two step process. Eight 
samples were run varying enzyme-latex incubation time from one 
to eight hours. The first step, activation, involved dissolving 
0.2 g of coupling agent, EDC, in 1.0 ml distilled deionized 
(DDI) water. Without adjusting the pH, 1.0 ml carboxylated latex 
FL80/20 was added and the system incubated at room temperature 
for 15 minutes. The enzyme stock solution was prepared by adding 
0.020 ml AKP (5.5 mg Protein/ml) to 3.980 ml o.Ol25M Na2co3 
12 
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! 
1 
I 
I 
I 
1 
l 
I 
1 
; o.536mM Mgcl2 buffer, pH 9.8. The enzyme dilution used was 
0.040 ml of enzyme stock solution in 1.960 ml buffer. The 
activated particles were centrifuged at 12000 rpm for 20 minutes 
using the sorvall RC-SB Refrigerated Superspeed Centrifuge 
(DuPont Instruments). The supernatant liquid was discarded. In 
the second step, the particles were dispersed in 2.0 ml of 
diluted enzyme solution. The system was allowed to incubate at 
room temperature for one t9 eight hours. After the period of 
incubation each sample was filtered through an Amicon model 3 
ultrafiltration cell. This is the separation step in which any 
unbound enzyme is removed from the surface of the latex 
particles. The particles are then washed with 1.0 ml of 
carbonate buffer until enzyme activity was not monitored in the 
filtrate. In all cases the filtrate did not have enzymic 
activity. The filtrate activity was monitored 
spectrophotometrically. Using a Beckman model 25 
t t 400 an absorbance baseline for 0.400 Spectrophotometer se a nm, 
ml o.0038mM PNPP was measured, then 0.020 ml of the filtrate was 
added. The system was shaken for a count of ten and then the 
cuvette was replaced in the spectrophotometer and the absorbance 
measured. When the filtrate no longer contained enzyme, the 
b b d 'd not 1'ncrease as seen in Figure 2.1. slope of the a sor ance 1 
The enzyme-latex conjugate was then dispersed in 1.0 ml of 
carbonate buffer. For the assay, a 1/10 dilution of the 
enzyme-latex conjugate was made. The rest of the assay followed 
the same procedure as for the filtrate. Three dilutions for each 
tested f or activity. Figure 2.2 shows a conjugate system were 
typical absorption spectra for active enzyme. 
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2.1.3 Results 
The results of the effect of incubation time on the amount 
of enzyme bound can be seen in Figure 2.3. The relative activity 
of the enzyme bound to the particle after one hour does not 
increase significantly with increasing incubation time. 
2.2 Covalent Binding of beta-Glucosidase to Carboxylated Latexes 
Using Woodward's Reagent Kasa Coupling Agent 
2.2.1 Materials 
The materials and reagents used were: beta-Glucosidase (bG, 
EC 3.2.1.21) from almonds, para-nitrophenyl glucopyranose 
(PNPbG), and Woodward's Reagent K, N-ethyl-5-phenyl-isoxazolium 
3' sulfonate (WRK), obtained from Sigma Chemical Co., st. Louis, 
Missouri, Latex FLS0/20 and a concentrated solution of Thermo-
monospora cells were obtained from the Biotechnology Research 
Center at Lehigh Unversity. All other chemicals used were of 
reagent grade. 
2.2.2 Methods 
The activity of the enzyme was determined: 2.0 ml 
Thermonospora cells were diluted with 2.0 ml 0.5M potassium 
dibasic phosphate with lmM DL-dithiothrietol (DTT) and 0.03% 
sodium azide. The cells were sonicated for 20 seconds, then 
centrifuged for 20 minutes at 12000 rpm using the Sorvall RC-5B 
Refrigerated Superspeed Centrifuge (DuPont Instruments). The 
supernatant liquid containing the enzyme was decanted and the 
sonicated cell were discarded. 0.020 ml of the supernatant 
liquid were incubated with 1.48 ml of 20mM PNPbG at 550c for 5 
16 
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minutes along with a control of PNPbG. The solution containing 
the enzyme turned yellow indicating that the enzyme was indeed 
active. Dilutions were made: (1) 0.020 ml supernatant and 1.980 
ml buffer, (2) 0.020 ml supernatant and 3.980 ml buffer. The 
first dilution was still too concentrated and the second sample 
was denatured due to temperature effects. 
A two step process was employed to immobilize this very 
thermally unstable enzyme. Initially, the latex particles were 
activated by dissolving l.OmM WRK in 1.0 ml DDI water and adding 
1.0 ml FL80/20 latex. This solution was allowed to incubate at 
room temperature for 20 minutes. 2.0 ml cells were sonicated in 
2.0 ml buffer. Both the enzyme solution and the latex solutions 
were then centrifuged for 20 minutes at 12000 rpm using the 
Sorvall RC-5B Refrigerated Superspeed Centrifuge (DuPont 
Instruments). The supernatant liquid from the activated latex 
particle solution was discarded. In the second step, the latex 
particles were dispersed in 2.0 ml of the enzyme solution from 
the supernatant liquid of the sonified cells. The enzyme-latex 
solution was then incubated at 500c for 1 hour. The particles 
were filtered out of solution by using a Millipore swinnex 25 
filtration system and were dispersed in 1.0 ml buffer. An assay 
was run: 1.480 ml of 20mM PNPbG and 0.020 ml enzyme-latex 
conjugate were incubated for 30 minutes at 500c along with a 
control of 1.480 ml 20mM PNPbG and 0.020 ml free enzyme and 
1.480 ml substrate solution with 0.020 ml filtrate from the 
enzyme-latex particle filtration. 
18 
2.2.3 Results 
The observation of the characteristic yellow color on the 
appearance of PNP was used to indicate enzymic activity. The 
free enzyme was active, the filtrate was inactive, and the 
enzyme-latex conjugate was also inactive, indicating that the 
coupling procedure had deactivated the enzyme. 
2.3 Covalent Binding of beta-Glucosidase to Carboxylated Latexes 
Using EDC as a Coupling Agent 
2.3.1 Materials 
The materials and reagents used were: beta-Glucosidase (bG, 
EC 3.2.1.21) from almonds, para-nitrophenyl glucopyranose 
(PNPbG), cellobiose (CB), l-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) obtained from Sigma Chemical Co., St. Louis, 
Missouri, and latex FL80/20. All other chemicals used were of 
reagent grade. 
2.3.2.1 Method 
A two step process of immobilization was used. The reaction 
scheme is shown in Figure 2.4. Initially, the latex was 
activated: 0.15 gm of the coupling agent, EDC, was dissolved in 
1.0 ml of DOI water. Without adjusting the pH, 1.0 ml of 
carboxylated latex solution FL80/20 was added and allowed to 
incubate for 15 minutes at room temperature. The activated 
particles were then centrifuged at 12000 rpm for 20 minutes 
using the Sorvall RC-5B Refrigerated Superspeed Centrifuge 
(DuPont Instruments). The supernatant liquid was discarded. In 
the second step, the particles were dispersed in 0.6 mg of 
19 
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/ 
enzyme in 1 ml of 0.2M NaHco3. The system was allowed to react 
for 2.5 hours at 4°c. The enzyme is covalently coupled to the 
latex particles via the reaction scheme shown in Figure 2.516 . 
The enzyme-latex conjugate was filtered through an Amicon model 
3 ultrafiltration cell. This is the separation step where any 
! 
unbound enzyme is removed from the surface of the latex 
particles. The particles are then washed with 1.0 ml of O.lM 
phosphate buffer until enzyme activity was not monitored in the 
filtrate. The filtrate activity was assayed spectrophoto-
metrically. Using a Beckman model 25 Spectrophotometer set at 
400nm, an absorbance baseline for 0.400 ml 5mM PNPbG was 
measured, then 0.020 ml of the filtrate was added. The system 
was shaken for a count of ten and then the cuvette was replaced 
in the spectrophotometer and the absorbance measured. When the 
filtrate no longer contained enzyme, the slope of the absorbance 
did not increase. The enzyme-latex conjugate was then dispersed 
in 1.0 ml of O.lM phosphate buffer. For the assay, a 1/20 
dilution of the enzyme-latex conjugate was made. The rest of the 
assay followed the same procedure as for the filtrate. Three 
dilutions for each conjugate system were tested for activity. 
2,3,2,2 Effect of Enzyme concentration 
The effect of the enzyme concentration on the amount of enzyme 
bound to the surface of the latex particles was examined. 1.0 ml 
of FLS0/20 was activated with 0.200 g EDC which was dissolved in 
1.0ml of DOI water for fifteen minutes at room temperature. The 
activated particles were centrifuged at 12000rpm for twenty 
21 
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Figure 2.516 Coupling of Enzymes via carbodiimide 
Activation of Carboxlyated Polystyrene 
Latexes. 
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minutes and then incubated for 2.5 hours in varying 
concentrations of enzyme (0.2 too.a mg bG/ml 0.2M NaHco3) at 
40c. The enzyme-latex conjugates were then filtered, washed to 
remove any unbound enzyme, and dispersed in 1.0 ml phosphate 
buffer. The activity of the immobilized enzyme was measured by 
reading the rate of reaction of the enzyme on the substrate at 
400nm. 
2.3.2.3 Effect of Coupling Agent Concentration 
The effect of the amount of EDC used in the coupling 
procedure on the amount of enzyme bound to the particles was 
investigated. 1.0 ml of FLS0/20 was incubated for fifteen 
minutes with 1.0 ml of varying concentrations of EDC (100 mg to 
300 mg EDC/ml DDI water). The reaction procedure described on 
Pages 19 and 21 was followed. 
2.3.2.4 pH Profile 
Five volumes of 5mM PNPbG were prepared in five different pH 
buffers. The standard assay on Page 21 was performed using both 
soluble and immobilized enzyme. 
2.3.2.5 Stability Studies 
2.3.2.5.1 pH Stability 
1/20 dilutions of the enzyme-latex conjugates were made in the 
phosphate buffer of the desired pH. The standard assay from page 
16 was performed repeatedly at different times. 
2.3.2.5.2 Thermal Stability 
1/20 dilutions of the enzyme-latex conjugate were made in 
phosphate buffers at pH 6.5 and 6.7. 0.020 ml of the dilution 
were incubated for one half hour at room temperature, 37°c and 
23 
57°c. The enzyme activity was determined following standard 
procedure. 
2.3.2.5.3 Storage Stability 
The activity of freshly prepared enzyme-latex conjugate was 
measured. The conjugate was then stored at 40c with activity 
measurements taken repeatedly at different times (days). 
2.3.2.6 Effect of Enzyme Latex Incubation Time 
The effect of the incubation time of the soluble enzyme and 
latex particles was examined. Five samples of enzyme-latex 
conjugates were prepared as described on Pages 19 and 21 except 
that the enzyme/latex incubation times were changed to 1.5, 2.5, 
3.5, 4.5, and 8 hours and then filtered. 1/20 dilutions were 
made of the particles that were redispersed in 1.0 ml phosphate 
buffer. Three dilutions of each sample were measured for enzyme 
activity following standard procedure. 
2.3.2.7 Determination of Km and Vmax for Immobilized and Soluble 
bG 
The apparent Km and Vmax values for bG and substrate PNPbG 
were determined by assaying the enzyme activity of 1/20 dilution 
of soluble and immobilized enzyme in varying concentrations of 
substrate (0.25 mg to 18 mg PNPbG/ml phosphate buffer). 
2.3.2.8 Cellobiose as a substrate for Soluble and Immobilized bG 
Kinetic studies were performed to determine the apparent Km 
and Vmax values for soluble and immobilized bG using CB as a 
substrate. For soluble bG, initially seven batch reactors were 
set up containing 0.06mg bG/ml buffer, and various 
24 
concentrations of CB(83, 50, 20, 10, 5, 2, 1 mg CB/ml). At 5, 
10, 15, 20, and 30 minutes, a 1.0 ml sample was drawn from each 
of the reactors, placed in capped test tubes in boiling water 
for five minutes to deactivate the enzyme. A glucose 
analyzer,which uses an oxidase enzyme hydrogen peroxide sensor 
that is highly specific for glucose, was used to measure the 
concentration of glucose in each sample. This same procedure was 
repeated for three substrate concentrations (5, 2, and 1 mg 
CB/ml) and an enzyme concentration of 0.6 mg bG/ml. 
Immobilized bG was used in the next four batch reactors. The 
enzyme concentration was 0.1 mg bG/ml and the substrate 
concentrations were 100, 75, 50, and 25 mg CB/ml. 1.0 ml was 
withdrawn from each reactor at 5, 10, 15, 20, and 30 minutes. 
The enzyme-latex conjugates were separated from the solution by 
filtration using a Millipore Swinnex model 25 filtration set up. 
Each sample was then analyzed using the glucose analyzer. 
2.3.2.9 Results and Discussion 
The activities of the immobilized enzyme were measured using 
the standard assay of absorbance measurement at 400nm using the 
Beckman UV/Vis spectrophotometer model 25. There was little 
deviation from linearity of absorbance change per minute 
observed under normal conditions. Three runs of each sample were 
measured to determine an average A/min. initial reaction rate. 
Figure 2.2 illustrates the direct spectrophotometric 
measurements of the enzyme reaction that were monitored as a 
function of time. The fundamental enzymic properties were 
studied for soluble and immobilized enzymes. 
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2.3.2.9.1 Effect of Enzyme Concentration 
The results of the activity of the enzyme-latex particles 
after 2.5 hours are shown in Figure 2.6. The amount of enzyme 
bound to the particles increases to some saturation value. 
However, the decrease in enzymic activity after the saturation 
value, 0.6 mg bG/ml, indicates that overcrowding of the enzyme 
molecules probably occurs, disrupting the conformation of the 
active site. 
2.3.2.9.2 Effect of Coupling Agent Concentration 
The effect of the coupling agent concentration on the amount 
of enzyme bound to the particles can be seen in Figure 2.7. The 
enzyme concentration for all samples is 0.6 mg bG/ml. The 
activity of the enzyme-latex conjugate increases as a function 
of coupling agent concentration until some saturation level is 
achieved. It appears that at 0.15 g EDC/ ml the latex particle 
is loaded with the maximum amount of conformationally active 
enzyme. The addition of more EDC along with the probable 
coupling of more enzyme leads to a lower activity from 
overcrowding the enzyme on the surface of the particle so that a 
stable active conformation. of the enzyme cannot be achieved. 
2.3.2.9.2 pH Profile 
Figure 2.8 show the pH-activity curves for soluble and 
immobilized enzyme. The shape of the curves are practically the 
same for both cases as is the optimum pH value, pH 6.5-6.7. Some 
investigators found that the shape of the pH-activity curve can 
be broaderl7,18, narrowerl9,20, identical7 or more 
asymmetrica121 to that of the soluble enzyme. The optimum pH 
I 
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can also be displaced higher or lower or not at all. These 
shifts, usually 2 or 3 pH units, are caused by the charge of the 
water-insoluble carrier, a chemical modification of the enzyme, 
or certain enzymic reactionsS. 
2.3.2.9.3 Stability Studies 
2.3.2.9.3.1 pH Stablitiy 
pH stability refers to the ability of the enzyme to remain 
in an active conformational state when placed in a given pH 
environment. The activity of the enzyme in each different pH is 
measured over time. Figure 2.9 shows the results of this 
experiment. It is observed that as much as 70% of the relative 
activity of the enzyme can be lost over a twenty-four hour 
period. Therefore, the system must be kept at the optimum pH, 
6.5. The value for pH 7.0 at 22.5 hours is not a reasonable, 
reliable and can be disregarded. 
2.3.2.9.3.2 Thermal Stability 
The results of the thermal stability study are shown in 
Figure 2.10. The relative activities of the two enzyme-latex 
conjugates (pH 6.5 and pH 6.7) are plotted as a function of 
temperature for an incubation period of 30 minutes. In both 
cases, the relative activity of the enzyme decreases with 
increasing temperature. 
In principle, immobilized enzymes' thermal stability can be 
enhanced7, diminished22, or unchanged23 with respect to the 
soluble enzyme. 
2.3.2.9.3.2 Storage Stability 
The relative activity of the enzyme bound to the partic~es 
stored at 40c measured over several days indicates that there 
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is no appreciable loss of activity over a twenty four day 
period. The results are shown in figure 2.11. Examples in the 
literature regarding storage stability show that storage 
stability is an individual matter depending on the enzyme and 
carrier used. 
2.3.2.9.4 Effect of Incubation Time 
Five samples of activated latex particles were incubated in 
the same concentration enzyme for different incubation times 
(1.5 to 8 hours). The activity of each sample was measured 
according to standard assay procedure. The results are shown in 
Figure 2.12. The activity of the enzyme-latex conjugates 
increases over time to a saturated value. At 1.5 hour, the 
activity of the particles is low indicating that the full amount 
of enzyme has not been bound to the particles. After 2.5 hours, 
the activity of the particles does not significantly increase 
indicating that after 2.5 hours an equilibrium has been reached 
and no more enzyme binds to the activated particles. 
2.3.2.9.5 Determination of Km and Vmax for Soluble and 
Immobilized bG using PNPbG as a Substrate 
Figure 2.13 shows the plot of the substrate concentration 
versus the initial rate of reaction in A/min. At a fixed enzyme 
concentration, the rate of reaction increases with the 
concentration of the substrate until a non-rate limiting excess 
of substrate is reached. After this point is reached, the 
addition of more substrate does not cause an increase in the 
initial rate. The Km and Vmax values for soluble bG were 
determined to be l.045mM and 0.177 A/min. by constructing a 
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Lineweaver-Burke plot of the inverse of the substrate 
concentration versus the inverse of the absorbance, see Figure 
2.14. Km is the negative inverse of the x-intercept, and Vmax is 
the inverse of they-intercept. The Km(app.) and V'max values 
for immobilized bG are 0.956mM and 0.041 A/min. The Michaelis 
constant for immobilized enzymes is generally considered to be 
the apparent Km where V' 0 = V'max/2. V'max is defined 
theoretically as the highest attainable velocity for a given 
system.6 The apparent Michaelis constant reflects the 
mic~oenvironment of the enzyme on the particle. The Michaelis 
constants for the soluble and the immobilized enzymes are very 
close in this case. This indicates that the microenvironments of 
both enzymes are very similar. The microenvironment of an 
immobilized enzyme can be affected by partition and diffusional 
effects. Partition effects can be caused by hydrophobic, 
hydrophilic, or electrostatic interactions between the substrate 
and the carrier producing an unequal distribution of these 
species in the micro- and macroenvironments. Concentration 
differences, depletion of the substrate or accumulation of the 
product cause diffusional resistances. Both of these obstacles 
can be overcome, as in this system, by increased stirring and 
smaller particle size to decrease the influence of the change in 
microenvironment on the enzymic reaction5. 
Vmax reflects the intrinsic characteristics of the enzyme 
and may be affected by diffusional constraints and enzyme 
concentration in the microenvironment. Here, the Vmax and 
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V'max values are different indicating that there may be a 
difference in the enzyme concentration for the immobilized case 
as compared to the soluble case. 
2.3.2.9.6 Determination of Km and Vmax for Soluble and 
Immobilized bG using CB as a Substrate 
The Michaelis constant for soluble bG using CB as a 
substrate is 58.93mM. For immobilized bG, Km(app.) is 53.35mM. 
There is less than a 10% difference between the two values 
indicating that the microenvironments of both are similar and 
the enzyme is not appreciably affected by immobilization. 
The values for Vmax and V'max are 0.087 A/min.and 0.016 
A/min. respectively. These results indicate that there may be a 
different active enzyme concentration when the enzyme is 
immobilized. 
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CHAPTER THREE 
ENZYME REACTORS 
3.1 Commercial Application of bG Immobilized on Latex Particles 
Three major problems have frustrated industries' use of 
enzymes: their instability, their cost of enzyme, and the fact 
that they sometimes be used in only one batch run. 
Immobilization of enzymes can increase the enzyme's stability 
and allow the enzyme to be recovered easily and reused, or to 
used in a continuous process. Major reductions in process 
operation, time and maintenance as well as capital investment 
costs are achieved by changing the design of the reactor and by 
eliminating two process steps, enzyme deactivation and 
enzyme/product separation. Table 3.1 lists factors to consider 
when deciding between soluble and immobilized enzyme systemslO. 
Batch reactors, which require little supporting equipment, 
are normally used for soluble enzymes. The enzyme is introduced 
into the reactor, and reacts with the substrate until the 
desired degree of conversion is reached. The enzyme is then 
deactivated and the enzyme and product are separated. The enzyme 
cannot always be reactivated; generally, the enzyme may be 
recovered, but the costs are usually prohibitively high. When 
immobilized enzymes are used in a batch reactor, the enzyme can 
be easily recovered by filtration and reused; however, O'Nei124 
has found that the enzyme can be deactivated by 
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TABLE J.110 Factors for Consideration when Favoring 
Immobilized over Soluble Systems 
: Reaction ·:: h the procc!S uniquely possiole by i.mmob~ 
· · · ·. systems? · · · . . . . . · . 
· · ·: ~: · · · ·: Arc there wtlque ·propcrtic·s for the prod~ by · .. 
· · · . ·.: immobilized: system!? · : · 
· · SubstrczU. Is the substrate suitable ( e.g. low concentration. 
·.. · ·· . low molecular weight, free of suspended . · .. 
· :· · · ·· · ·· · · solids)?·.· .: · · · . ·.. ·· ·. · ' ·· .. 
. . . ' . . . ' : ' 
· OJ.ntrol :_ Is the~~ and b~~uct le~~ more readily: .. 
· · : · controlled? · , · · ~ ·. · _. ·: · · · · :· · · · : · · · 4• • · • 
· Product · .. ·· Will it be more p~? · ·. 
.·· . . ·: '.·. Is the.'"cld l.:"l.cr? · 
, 'J - ,LU..fiL' . \ 
• ---1 ' ' • • ' I ' • • 
· Enzyme . : Will it be ~~re cost-e~cctive? 
· . . ·" Is the stability appropIU1te? . 
. Operatio~ · Arc pre• and post-treatments required?: 
. .... .; .... Can the process be automated? . : . . .. 
• t. : • • • . . . 
·Plant .: :,.· <:.ls the tecbno~ogy ay~able and appropriate~ .... 
· .••• • 1 .. • : , • • local and site facilities?. . · .. ..· i 
Ii• I .•• •; • ' • • I 
: &;o~m~ ,.: Docs it represent the best overall S?lution to the 
. ., : . . . . ·~:, ~ performance of~~ ch<>S9n reaction? .. · :· .. · 
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repeated recovery cycles. Therefore, the use of immobilized 
enzymes in batch reactors for use in industry probably have a 
limited potential. 
Figure 3.19 shows the different types of reactors that 
immobilized enzymes can be used in: continuous flow stirred tank 
reactors (CSTR), CSTRs with ultrafiltration cells, packed beds, 
fluidized beds, and recycle reactors. In an ideal CSTR, the 
reactor contents are perfectly mixed. Therefore, all elements of 
the reactor have essentially the same composition, that is, the 
same composition as the exit stream. Consequently, the reaction 
rate is determined by the composition of the exit stream. The 
open construction of the CSTR permits the ready replacement of 
immobilized enzyme and facilitates the control of temperature 
and pH. Denhigh and Page25 have discussed the advantageous 
features of CSTRs when simulating the behavior of biological 
systems. 
CSTRs have been used for particulate immobilized 
systems26,27. The particles can be retained by an appropriate 
filter at the reactor outlet, or separated by ultrafiltration 
ce112s, settling or magnetically29. Enzymatically active polymer 
disks can also be mounted on the agitator of the shaft and thus 
be retained in the reactor30 
CSTRs have also been used for soluble and immobilized 
enzymes in conjunction with ultrafiltration membranes. The 
membrane forms a semi-permeable barrier permitting, in the case 
of soluble enzymes, the retention of the high molecular weight 
enzyme and allows the low molecular weight substrate and product 
to pass through. For the immobilized enzyme system, the 
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ultrafiltration membrane could be used to separate a high 
molecular weight sustrate from a low molecular weight product, 
then the substrate could be recycled. 
In a fluidized bed, the substrate is passed upward through 
an immobilized enzyme bed at a velocity high enough to lift, but 
not carry away, the particles. A fluidized bed is traditionally 
employed when thermal or mass transfer problems are likely to be 
encountered. Since most enzymic reactons are isothermal, 
fluidized beds are usually used when there is a severe mass 
transfer limitation, for example: the handling of a highly 
viscous, particulate substrate. 
In packed bed reactors, there is steady movement of 
substrate across the bed of immobilized enzyme in a spatial 
direction. The reactor operates like a plug flow reactor, where 
the fluid velocity is flat over a given cross section when the 
ideal velocity is achieved. However, deviations from ideality 
may occur due to velocity and temperature gradients normal to 
the flow direction, or to diffusion of the substrate in an axial 
direction. 
Recycle reactors usually involve insoluble substrate. A 
portion of the outflow is recycled and mixed with the inlet 
stream. This permits the reactor to operate at high velocities 
to minimize bulk mass transfer resistance without sacrificing 
conversion. Factors influencing the choice of reactor type are 
shown in Table 3.29. 
Mathematical modeling of an ideal enzyme reactor can be 
simplified by making several general assumptions: isothermal 
conditions, uniform enzyme distribution, plug flow dynamics with 
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Table 3.29 Factors Influencing Choice of Reactor 
1. Fonn of the immobilized enzyme: particulate, membranous, fibrous 
2. Nature of the substrate: soluble, particulate, colloidal 
3. Operational requirements of the reaction, e.g., pH control · 
4. Reaction kinetics 
5. Carrier loading capacity 
6. Catalytic surface-to-reactor volume ratio 
7. Mass-transfer characteristics: microdiffusional and macrodiffusional efficiencies 
8. Ease of catalyst r~placement, regeneration 
9. Ease of fabrication 
10. Reactor costs 
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no axial dispersions or radial gradients, perfect mixing in the 
CSTR, the immobilized enzyme does not experience any external or 
internal mass transfer limitations, and no significant 
partitioning of the substrate occurs between the solid and fluid 
phases. 
Parameters governing the performance of an idealized 
immobilized enzyme reactor are the reactor space time, T, the 
inlet substrate concentration, S0 , the amount of immobolized 
enzyme in the reactor, E0 , and the temperature and pH of the 
reactor. 
Reactor space time is defined as the time required to 
process one reactor void volume of substrate at specified 
conditions: 
T = VRJ'Q 
where VR is defined as the reactor volume and Q is the flow 
rate. 
Three other parameters used to evalute reactor performance 
are fractional conversion, X, reactor productivity, Pr, and 
reaction capacity, CR. 
X = ( S0 - S )/S 0 
Pr = X*S 0 /T 
CR= Vm*e*VR 
where S0 and Sare the inlet and outlet substrate 
concentrations, Vm is the maximum reaction rate equal to k2Eo 
where k2 is the rate constant and E0 is the enzyme concentration 
in the reactor, and e is the ratio of the fluid volume and the 
total volume of the reactor9. 
A CSTR was used for bG immobilized on latex particles. 
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3.2 Continuous Stirred Tank Reactor 
3.2.1 Experimental 
The apparatus used for the continuous stirred tank reactor 
is shown in Figure 3.2. It consists of a substrate reservoir 
which is connected to an Amicon ultrafiltration cell with a 
maximum void volume of 5.0 ml. At the base of the cell, there is 
a membrane (pore size= 0.1 micron) which retains the 
enzyme-latex conjugate particles, but allows the passage of 
smaller molecules and the solvent. The reactor outlet is 
connected to an automated pump holding two 20 ml syringes from 
which the flow rate of the system is regulated. 
The enyzme-latex conjugates were prepared as described in 
Chapter 2. In the cell was placed 2.3 to 2.5 ml of CB (120 mg 
CB/ml) and 0.5 to 0.7 ml of enyzme-latex conjugates. The 
concentration of the substrate ranged from 92 to 100 mg CB/ml 
and the concentration of the conjugates ranged from 0.1 mg to 
0.4 mg bG/ml. The reservoir was filled with a volume of 120 mg 
CB/ml. The substrate was added to the reactor according to the 
flow rate selected on the pump. At regular intervals, the 
syringes were emptied and the contents measured via the glucose 
analyzer for the concentration of glucose produced. 
3.2.2 Results and Discussion 
The final reactor used contained 2.3 ml of 120 mg CB/ml and 
0.7 ml of 1.7 mg bG/ml that was immobilized on the latex 
particles. The flow rate was 0.00388 ml/min using a 20 ml 
syringe. The reactor was run over a two week period without loss 
of enzyme activity. The reactor was not terminated. Data will be 
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taken as long as the enzyme remains active. The residence time 
for the substrate is 12.9 hours. The fractional conversion was 
7%, and the reactor productivity was 2.4*10-5 mg glucose 
produced per minute per unit reactor volume. Figure 3.3 shows 
the production of glucose as a function af time. The initial 
cycling deviations are attributed to the fluctuating flow rate 
caused by the two hour sampling procedure. 
Figure 3.4 shows the culmulative mg af glucose produced over 
time. There was 24 mg glucose produced per mg immobilized bG per 
day as compared with the batch value of 318 mg glucose produced 
per mg immobilized bG per day. There was 772 mg glucose produced 
per mg soluble bG per day using a batch process. From the 
available data the batch reactor using immobilized enzyme 1s 60% 
less productive and the CSTR using immobilized enzyme is 97% 
less productiv~ than the soluble enzyme in the batch reactor.The 
large disparity between the values may be due to the fact that 
the batch values were determined from a 30 minute time span and 
the CSTR value was determined from a 14 day time span. Also, The 
soluble enzyme may not retain its activity as long as the 
immobilized enzyme and therefore the actual productivity of the 
immobilized systems may be better. It would be interesting to 
run three reactors, soluble bG in a batch reactor, immobilized 
bG in a batch reactor and CSTR, and compare the productivities 
over time. The literature does not usually contain data of this 
nature unless there is a problem with the system. 
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CHAPTER FOUR 
CONCLUSIONS AND RECOMMENDATIONS 
4.1 Conclusions 
1. Water-insoluble preparations of alkaline phosphatase were 
obtained by covalent coupling of the enzyme to carboxylated 
latex particles in the presence of water-soluble 
carbodiimide. The activity of the enzyme did not increase 
significantly after one hour of enzyme/latex incubation 
time. 
2. Water-soluble preparations of beta-glucosidase were obtained 
by covalent coupling of the enzyme to carboxylated latex in 
the presence of water-soluble carbodiimide. The amount of 
active enzyme bound depends on the enzyme and coupling agent 
concentrations, as well as the incubation time of the enzyme 
solution with the activated latex particles. The apparent 
Michaelis constant for immobilized beta-glucosidase using 
para-nitro-phenyl-beta-glucopyranose and cellobiose were 
both found to be similar to the Michaelis constants for the 
soluble enzyme. The V'max values for the immobilized enzyme 
are both different from the Vmax values for soluble enzyme. 
3. The pH-activity curves for soluble and immobilized enzyme 
were practically the same shape. The optimum pH was 6.5-6.7. 
The activity of the immobilized enzyme was found to decrease 
as much as 70% when not in the optimum pH ra~ge for a twenty 
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four hour period. The relative activity was also observed to 
decrease with increasing temperature. There was no 
appreciable loss of activity when the enzyme-latex 
conjugates were stored at 40c over a twenty four day period. 
Enzyme leakage from the latex particles as a result of bond 
breakage between the enzyme and activated latex particles 
was not observed. 
4. A continuous stirred tank reactor was used to produce 
glucose from the beta-glucosidase-latex conjugates and 
cellobiose. Enzyme and substrate concentrations were 
maximized and the flow rate was minimized to allow the 
maximum residence time. The reactor produced a steady 
concentration of glucose after eight days. The fluctuations 
of glucose concentration initially may be due to a process 
control problem: the flow rate was always disrupted by the 
sampling procedure. Whenthe samples were drawn at longer 
time intervals, the fluctuation of the glucose concentration 
decreased. The reactor has been working for 14 days and will 
be kept running as long as the enzyme remains viable. 
4.2 Recommendations 
1. Investigate the effect of particle size, the number of 
particles and the enzyme concentration on the reactor 
output. 
2. Investigate the effect of reactor size and substrate flow 
rate on reactor output. 
3. Try immobilizing other commercially viable enzymes on latex 
particles to determine if this coupliong procedure can be 
used. 
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